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SUU:AP.Y 



A. Object 

The object of this thesis was to attempt to design, 
construct, and operate experimental equipment by means 
of which a homogeneous mixture of fuel oil and air 
could be obtained and its ignition and combustion 
characteristics studied as it flowed through a combustion 
chamber at different velocities, static pressures, and 
temperatures. Actually, a perfectly homogeneous mixture 
was not obtained and the limitations of the equipment 
available permitted a study only of ignition characteristics 
of lean fuel-air mixtures with air velocities varying 
from 40 to 90 ft/sec. 

B. Method 

c* 

The combustion chamber was supplied with air under 
known conditions of flow at variable velocities, cheanber 
vacuum, and temperature. Fuel oil at room temperature 
was atomized into the combustion chamber under pressures 
up to 2000 psi from seven 0.004” or 0.008” orifices 
distributed over equal areas of the air stream. The fuel- 
air mixture was then ignited at distances of 16^-” or 3 5" 
downstream be means of a continuous 10,000 volt spark 
in the center of the combustion chamber cross-section. 
Measurements were made of atmospheric pressure, fuel 
temperature, temperature of air entering combustion 
chamber, fuel pressure, combustion chamber vacuum, and 
air-flow manometer reading. Whether or not ignition was 
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obtained and other pertinent comments were also recorded. 

Computations were made of absolute combustion 
chamber pressure, air rate, fuel rate, fuel-air ratio, 
percent theoretical air, <-nd air velocity. 

C. Results 

The maximum percent theoretical air (minimum fuel- 
air ratio) at which ignition could be obtained was 
found for air velocities from 40 to 90 ft/sec (limit of 
air supply available) and combustion chamber absolute 
pressures of 10, 15, 20, and 25 inches of mercury. 

In addition, the pressure atomization characteristics 
of 0.008” orifices (1/d equals 4) and 0.004” orifices 
(l/d equals 5) were obtained. 

D. Conclusions 

Factors which result in an increase in the degree 
of atomization of the fuel increase the percent maximum 
theoretical air at which ignition may be obtained under 
a given set of conditions. 

Fuel-air mixtures of diesel oil can be ignited by a 
continuous spark without the use of a flame holder at 
air velocities above 90 ft/sec. 

The distances required for pressure atomization in 
atmospheric air of diesel oil (kinematic viscosity 
3.75 x 10“^ ft^/sec) under 1000 psi pressure from 0.004” 
and 0.008” diameter orifices are approximately 16” and 
26” respectively. 



E. Recommendations 
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It is recommended that further investigations be 
made with higher air velocities, better fuel atomization, 
higher air temperatures, and heavier fuels such as Navy 
Special. It is also recommended that the design of the 
equipment be changed so that (a) a smaller diameter 
combustion chamber is used, (b) the fuel may be atomized 
outside the combustion chamber and then introduced into 
the air stream, (c) hot wire ignition may be used as 
well as a continuous spark, (d) a photographic record 
may be made of all runs. 
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- II. INTRODUCTION 



k. Previous Investigation 



kT 

Heretofore very little investigation into factors 
affe'cting ignition and combustion of fuel oil sprays 
in an air stream has been made. The authors have been 
unable to find any published literature directly pertaining 
to the subject and it should be understood that this work 
is purely exploratory. The work of Dawson and Oldfield 
at the Massachusetts Institute of Technology in a 
"Study of a High Output Combustion Chamber" was somewhat 
similar in nature but with a different objective and 
under considerably different conditions. 



B. Objective 

It was apparent from the beginning that because of 
the lack of information directly pertaining to the 
problem under study the major task would be the design 
and construction of the necessary equipment by means of 
which a homogeneous mixture of fuel oil and air could be 
obtained and its ignition and combustion characteristics 
studied. In addition it was necessary to develop an 
experimental procedure and technique v/hich would yield 
the desired results. 



C. Equipment 



The equipment consisted of: 

1. A 2f" air metering orifice serving as an air inlet 
(Figure I) . 

2. An air heater capable of heating maximum air 
available up to approximately 300°F by means of steam 
coils (Figure II). 

3. Air entrance section fitted with a thermometer 
and a piezometer ring and consisting of a diverging' 22^° 
cone, three screen calming sections, and a converging 
30° cone which introduced the air directly into the 
combustion chamber through the nozzle ring (Figure III). 

4. A nozzle ring (Figures IV and XII) which pressure 
atomized fuel into the combustion chamber. 

5. An air-tight combustion chamber made up of three 
removable pyrex glass sections of 5.75" inside diameter 
(Figure V) . 

6. An ignition ring which held two spark electrodes 
(inserted through porcelain insulators) connected to the 
secondary of a 230:10,000 volt transformer mounted above. 
The spark gap and its longitudinal position in the chamber 
was adjustable (Figures V and VI). 

7. An exit section fitted for injection of a cooling 
water spray and containing a 30° cone section to reduce 
the diameter of the equipment from 5.75” to 3.0 ,J and to 
provide drainage for the cooling water (Figure VII). 
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8. a steam air-ejector. 

9. A gas pressure system consisting of bottled 
nitrogen fed through a manifold into the fuel supply 
bottle above the level of the oil (Figure VIII). 

10. A fuel supply system consisting of the supply 
bottle, two strainers (.0025” maximum opening), control 
valve, and thermometer (Figure VIII). The entire fuel 
oil system was designed for a pressure of 2000 psi. 

The air metering orifice, air heater, and steam 
air-ejector were part of L'r. Agoston’s equipment. 
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PIG03S I. 

Air Ini ®t ( 2^-in. nozzle on rifht ) 




r'IOUR~ II. 



. ir n^f ter ( on ri.°-ht ) 
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FIGUR2 III. 




FIGUPE IV. 
Clo?»-up of no/rl * 
Eing shoving iael-Ml 
punoiy 1 i n* conn rt- 
ions t.rA he^inninr 



of ^ombu^tion Chamber <• 
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LFFT. FIOTJFF V. 

Yi°w of Combustion Chamber 



looking dovrrtr-am from 'To^zle Ring 
and shoving ^o^ition of th» 020 l 10,000 
volt snark ignition tran? former. 

Syark oosition, 25-in. from 
'•To v zip Ring- 
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PIGUPS VII. 

T.nr) of Combustion Chamber* Exit Section and "Removable Flanged Section . 

Cooling vt ter for extinauirhin" th® flame is ^ioed ir at top of 10: it Section. 




FIGURE VIII. 



Gas and Fu a l SuDoly Sy«t«mr and Control Beard. 
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FIGUHS IX. 



Cloro-uo of "*c t'-trol Board shoving fe-, rppfnrs on left, 

011-or°-our® gage on right, and r il niarifold \ il&r ot ra~ - r * 
•Cil-Contrd Valve, Cil-Tonro. Vh-rmc roet-'r, ad Brdn 'W.'** d 
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A. Calibrati n of the nozzle ring. 

For each calibration run the following ob rvations 
/ re ruce: 

1. ddt of fuel oil bottle h fore run. 

2, 'eight of fuel oil bottle aft-r run. 

.5. Tine oil fio-ved during the run. 

4. Gas pres ure ( i.e., fue^ oil pressure ). 

5. rom tei-jp-.r^ture ( ...a^umed the t the nit.og-n 
t mperature ./us tae sane us tne room t np ra ure ). 

The fuel oil una tne nitrogen g.^s systems v/ ore connect 
ed up in the L..i-.e w. nner as for the regular test runs. The 
fuel ,ms subjected tc various pressures ana caused to 

dmchar^e through the nos. le orifices to etiosph.ric ■Tons- 
ure. Th-; fuel oil supply bottle us set lit. on the platform 
of a sot of scales ,/hich /ere jTu; uated to a qu<_iter of a 
j.ounc but vhich permitted a goou approximation to a t.nth 
of a p und. Th . scales .’/ere mud aft t the fuel oil supply 
bottle //v.s subj cted to trio desired gas pressure. The oil 
supply line vulm ./as than c ,nod anu bout too * • unds of 
oil v/ere dj.o-.ved to discharge thr ugh the orifices b. fore 
closing tne Valve. The gas pressure on the feel oil //as 
aopt constant uuring the run by controlling tin vnlve con- 
necting the g s manifold to the fuel su ply bottle, riiuth r 
reading of tno ocules ,ns m .de b fore ch nging to the next 
gas pressure. This procedure ». emitted taking into account 
the effect of the .-mint of itrogen on the change in 
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weight of the fuel bottle during tin run. It w. s found th .t 
vvithin th_ accuracy of tne ^.rciSUi’e goges tnert a^ no ois- 
ccrnible . r s.,ur<- nroi through Li*., o-l mmnifa^d «. nd ner. c.& 
it rfus d«-emea permissable to adjust tno £«.=. . res.ure to the 
desired . *. int ana then assUEu that th o-r:.e oil r rcssure 
.;c.J.a be octainea os s - on os the oil control v-.lve n.s o£en 
d. The same assumption was n.ode in getting the a sired 
atomization pressures during the test runs. 

B . Test runs. 

All runs except dumb .rs nl, if, -na m3, .ore n de .vith 
out use of the oir hooter. F r e-ch test run the following 
seven observe. tions - re made: 

1. Atmospheric pressure. 

2. Fuel temperature. 

3. T'-i.i, en.tare of - ir ntering combustion chamber. 

4. Fuel temperature. 

5. Fuel pressure. 

6. Combust ion chamber vacuum. 

7. air fxovv manometer rocuing. 

The conbusti n chatter pressure s adjusted to : ; rox 
ibetely 10, 15, nO, and <,5 inches of i rcury, absolute. 

For any given chamb r pressure the i. ax mum <.ir veic city 
.v. s obtained by opening the air intake valve is much as 
j ossible and still maintain the .esired chcii.bar pressure. 

F< r tnese s*. t conditions, ojI s .-tomizud in the combust- 
ion chamb*. r uric or varying pressure*, ^na ttci.pt s made 

to ignite *-ach of tne mixtures by u. ns of the 10,000 volt 
spark. This .as repeated at cii'f r*-ht fu^-1 utoii-,. lion 
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:,r . osur^s - lo ,.r, if ignition o oat. m ,n and lusher, 
if igniti.n <..s not obt ined - until the 10 'est fuf-l otoir- 
ization rressure , t •;nicn ignition cuulu ce ottcxinen for 
the fi ea conuitions of chant r pressure axxd air v lccity 
.as determined. These co. .a it ions gave a point on the 
curve entitled, n ,.ir Velocity vs. x. ^xirnuih Percent Theoret- 
ical / ir at Uxich Ignition was Obtain d" ( figure XIII ). 
Keeping th Cawbustii n chanter still unchanged the above 
procedure v s repe.-tea to obtain ,.a»iti: nel points ...t 
successively lover air velocities until such a lev; velocity 
was reached th. t the toaization pressure r* quir d was 
too low for pro er atomization (i.e., i bout oOO psi. ). 

Since considers Lie Difficulty /a.. s encountered, especial 
±y in tne •..c.riier runs, uue to one or more of the orifices 
becoming plugged a iu thod of unpiuggi-xg the orifices and 
flushing out the system *as oeviscu. The entire con bastion 
chamber ..ms dismantled alia .^.ch of the orifices -.ere clo n- 
ed .vith c- fine ./ire of lightly less uic.mot _r th.,n the 
orifice. One branch of tne fuel supply line /;< s d is conn^c tod 
c-.t the nozzle ring, capped, ana in its jnace vns connected 
a discharge line to a .* ste c-,. nt^iner . The syster. ns then 
flushed .vith oil, th orifices ci .axiori again, anc the com- 
bustion chamber r .a suubied for continuation of the t.sts. 
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IV, RESULTS AND DISCUSSION 

The results of the experimental work appear in 
tabular form in the appendix and as curves (Figure XIII) 
accompanying this discussion. 

A, Curves of Air Velocity vs Maximum Percent Theoretical 
Air at Which Ignition Was Obtained 

In all cases the maximum percent theoretical air at 
which ignition could be obtained increased (ie, fuel-air 
ratio decreased) as the air velocity was increased. It 
is believed that this was due to the following: as the 
air velocity is increased, the fuel rate must also be 
increased to maintain a constant fuel-air ratio. An 
increase in fuel rate was obtained by an increase in 
the fuel atomization pressure thus decreasing the mean 
diameter of the droplets in the spray and, hence, 
increasing the ratio of the total surface area of the 
oil droplets to the volume of air. A combustible mixture 
is thus obtained at lower fuel-air ratios for high air 
velocities than for lower air velocities. The spark which 
was used for ignition was large enough to insure 
combustion if a combustible mixture was present. 

As the combustion chamber pressure was increased , the 
percent theoretical air at which ignition could be obtained 
increased. It is believeo that this was again a result of 
better atomization since the mean droplet diameter of the 
spray is approximately inversely proportional to the air 
density (Reference 2). 
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Decreasing the diameter of the orifices used to 
atomize the fuel, increased the maximum percent theoretical 
air at which ignition could be obtained. If it is assumed 
that the mean droplet diameter varies as the orifice 
diameter, this effect was also due to better atomization 
(Reference 5) . 

Moving the point of ignition closer to the fuel oil 

nozzle resulted in an apparent increase in the maximum 

* 

percent theoretical air at which ignition could be 
obtained. It is believed that this effect is only 
apparent rather than actual. When the spark was closer 
to the nozzle, it was in a position unfavorable for 
homogeneity of mixture, and the fuel-air ratio around the 
spark was richer than that indicated by the overall weights 
of air and fuel entering the chamber. 

Heating the air seemed to have a negligible effect 
on the results. If this were true, it would indicate that 
the evaporation of the oil in the spray was negligible or 
at least an unimportant factor in determining where 
ignition can be obtained. Unfortunately, time did not 
permit the making of sufficient hot air runs from which 
to draw any valid conclusions. 

B. Other Experimental Results 

Ignition of the fuel-air mixture is possible at air 
velocities greater than 90 ft/sec without the use of a 
flame holder. When the fuel-air mixture was ir.frde slightly 
richer than that required for ignition, an explosion 
occurred in the combustion chamber due probably to the 



- 21 - 



sudden decrease in air velocity as described subsequently 
under "Limitations of Equipment," This made it difficult 
and somewhat dangerous so far as the life of the glass 
combustion chamber was concerned to obtain a fuel-air 
mixture which would result in a sustained cone of flame 
emanating from the spark. However, on runs number 27 and 
33 a sustained cone of flame was obtained. An estimate of 
cone angle yieldeu approximate flame speeds of 11.1 and 
17.4 ft/sec for these two runs respectively. 

In still air at atmospheric pressure and 80°F the 
distance from the orifices required for complete atomization 
of the fuel oil at pressures of 1000 psi or greater was 
approximately 26" for 0.008" diameter orifices and 16" 
for 0.004" diameter orifices. These distances increased 
somewhat as the atomization pressure was lowered. The 
atomization from the 0.004" diameter orifices was 
particularly good: the oil was. broken up into a very fine 
fog approaching the consistency of smoke. 

With the experimental apparatus used it would have 
been possible to investigate the distances required for 
pressure atomization at various chamber pressures and 
zero air -velocity by running the air ejector, closing the 
main air valve to the combustion chamber, and using the 
by-pass valve to control the chamber pressure. 

0. Validity of Results 

All runs were reproducible at any time. The exact 
results obtained were not independent of the apparatus; 



however, it is believed that the qualitative results are 
valid regardless of the apparatus used. 

r>. Limitations of the Equipment 

The type and capacity of air supply and the room 
available for the experimental set-up placed narrow 
limitations on the ranges of fuel-air ratios and air 
velocities that coula be investigated. It was impossible 
to get air velocities in excess of 90 to 95 ft/sec or 
rates of air flow in excess of 0.81 pounds per second. 
Hence, as a result of the low fuel-air ratios at which 
combustion was obtained, it was necessary to operate the 
fuel atomization nozzles at low pressures of 500 to 600 
psi rather than in the 1000 to 2000 psi range for which 
they were designed. This prohibited the attainment of the 
desired degree of atomization a,nd was a major factor 
contributing toward the failure to obtain the desired 
homogeneity of the fuel-air mixture. 

The limitations of the steam air-ejector made it 
difficult to study sustained combustion in the chamber 
since the capacity of the ejector in pounds of air per 
second is severely reduced when it has to handle either 
the hot gases of combustion or cooling water, if used. 

The use of an air-compressor as originally planned instead 
of an air-ejector w ould eliminate this difficulty but 
would make it impossible to study the effect of the 
combustion chamber pressure on ignition and combustion. 

A better solution to this problem would be to use a 



combustion chamber of 2 V to diameter followed by a 
cooling water section. It is estimated that with sustained 
combustion in such a chamber the air-ejector could 
produce air velocities up to 200 to 300 ft/sec. 

At high air velocities a homogeneous mixture of fuel 
and air could not be obtained in the 35 n of travel from 
the orifices to the spark. At least tv/o or three times 
this distance would be required. The maximum available 
distance for this travel was approximately 44 n which was 
definitely not enough. 

The exact determination of the actual fuel-air ratio 
at the point of ignition was difficult because the position 
in the chamber where homogeneity of the fuel-air mixture 
existed, if indeed it did exist at all, varied for 
different atomization pressures and air velocities. This 
would indicate the desirability of making the position of 
the spark ignition more easily adjustable. Time available 
for the test runs caused a deviation from the original 
plans to make a more thorough study to determine the 
optimum position for ignition. 

The fuel jets from the orifices exert such a powerful 
effect on the air stream that it is questionable as to 
whether the flow conditions of the air entering the 
combustion chamber are of any importance provided the flow 
rate is uniform across the cross section of the entrance. 

All of the af orementionned difficulties could be 
lessened by atomizing the oil at about 1500 psi with 
orifices of 0.004 n diameter or less into a chamber 






separate from the combustion chamber and then introducing 
the resulting droplets into the air stream prior to its 
entering the air calming sections. Admittedly, the 
construction and calibration of such a system would be 
extremely difficult but it would hafee the additional 
advantage of eliminating the effect of atomization 
pressure and orifice diameter since the amount of fuel 
introduced into the air stream could be controlled 
independently of these two factors. Also,, since a 
homogeneous mixture of fuel and air would be entering the 
chamber, the ignition point could be placed close to the 
entrance. If the effect of the degree of vaporization of 
the fuel (assuming there is an effect) upon ignition and 
combustion is to be studied, the combustion chamber would 
have to be long enough to get the desired separation of 
ignition points. 

It would have been very desirable to have had a 
photographic record of each run on /.hich ignition was 
obtained. If flame speeds were to be studied, photographs 
would also be very useful. 

E. Flame Arrestors 

It was originally intended that, if the apparatus 
could be operated so as to obtain ignition, flame arrestors 
of various designs would be inserted in front of the 
spark gap. Time did not permit the carrying out of this 
plan but it seems logical to assume that under any 
conditions which permitted ignition stable combustion could 
have been obtained with the employment of the proper 
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design flame arrestor. As it was, burning ceased as soon 
as the ignition spark was stopped. 



